Intermediate band solar cell provides novel alternative to multi-junction solar cell, but its efficiency is significantly degraded when spectral overlap exists between different absorption bands. Here, a scheme using non-uniform sub-bandgap state filling together with intermediate band transport is proposed to resolve the spectral overlap issue. On the basis of detailed balance calculation, spectrally decoupled devices using low-high state filling is shown to achieve 52.8% conversion efficiency when 4 eV spectral overlap is present between absorption coefficients of different bands, compared with baseline efficiency equal to 35.1% for conventional half-filled intermediate band devices. If a base material without intermediate band is added to the two section low-high state filling devices, the efficiency is further increased to 61.5%, which approaches efficiency of 63.2% for intermediate band devices with no spectral overlap and 63.8% for unconstrained triple-junction tandem cells. The junction thermalization loss associated with proposed new structures is shown to be equal to conventional half-filled intermediate band devices.
INTRODUCTION
Spectral overlap between different absorption processes is a fundamental problem for solar cells based on multi-photon processes, often referred to as intermediate band solar cells (IBSC) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Ideally, the incident solar photons are absorbed by the appropriate highest threshold process to minimize thermalization of photoexcited carriers. In this approach, two sub-bandgap photons excite an electron from the valence band (VB) to conduction band (CB) via intermediate levels and contribute to one electron-hole pair. In common semiconductor materials, there is a high density of states beyond the band edge, enabling higher energy photons to participate in lower energy optical transitions leading to undesired energy loss via carrier thermalization. The resulting spectral overlap between optical transitions can span an energy range of several electron volts, where the efficiency of the solar cell can drop to a value below a standard solar cell without intermediate electron states [17] . The use of intermediate band absorption coefficient that is an order of magnitude smaller than the valence to conduction band absorption has been proposed to approach ideal efficiency [4] , but this may lead to thicker absorber thickness for full absorption [17] . In this study, the influence of varied occupation of intermediate electron states is examined as a means of spatially separating sub-bandgap optical transitions. This approach is shown in Figure 1(b) , where the intentional low-high (LH) occupation provides a means of preventing optical transitions into/out of the intermediate states. This approach relies on charge carrier transport via the intermediate band to transfer electrons between spatially separated absorption bands. The conversion efficiency of these structures is examined as a function of spectral overlap and compared with conventional IBSC structures and triple-junction solar cells. The initial result of this work can be found in [21] 
EQUIVALENCE OF JUNCTION THERMALIZATION LOSS
There are mainly two different thermalization loss mechanisms in solar cells. First, high energy photons excite hot electrons. The other is the junction thermalization loss where carriers laterally transport over a potential drop and thus lose excess energy. The first thermalization loss is why IBSC or multi-junction cell is so important, and the second thermalization loss is the motivation for solar concentrators. Figure 2 illustrates the equivalence of junction thermalization loss for conventional IBSC structure and LH state filling IBSC structure. The photons of different energy excite two sub-bandgap transitions. The photo-generated carrier must go through lateral-transport processes in order to be collected by p-emitter and n-emitter. The junction thermalization loss associated with lateraltransport includes VB to p-emitter ΔE V,PL , CB to n-emitter ΔE C,HN , and from low to high state filling region in IB ΔE I,LH . For conventional IBSC, the total junction thermalization (TJT) loss is
where V bi is built-in potential and V a is applied voltage. For LH state filling IBSC, the TJT loss is
Thus, the TJT loss is the same for LH state filling structure and conventional half-filled (HF) structure.
SOLAR CELL MODEL
The detailed balance approach is a self-consistent thermodynamic argument that provides an estimate on the highest efficiency that can be achieved by photovoltaic solar cells. This study follows the prior models and associated assumptions [2, 4, 10, 11, [13] [14] [15] 17] , with the modification of a spatially dependent optical absorption coefficient based on intermediate band occupation for analysis in one dimension. Spatially dependent generation and recombination processes are then evaluated to determine integrated values of current density and corresponding conversion efficiency.
The derivation for solar cell efficiency based on intermediate band electron state occupation starts from the photon number, which may be represented by
where a VC , a IC , and a VI are the respective absorption coefficient for VB to CB, IB to CB and VB to IB transitions, respectively, z is the Asbeck factor characterizing intermediate state occupation. The assumption of the "HF" condition in the original derivation [4, 10, 11, 14, 15, 17] corresponds to z = 0.5 in this analysis. The values of n XY (X, Y = C, I , or V) are given by
where E is energy, k is Boltzman constant, and m XY = E FX À E FY is the separation between quasi-Fermi levels. It should be noted that m CV = E FC À E FV = V a is the applied bias to the diode. The photon rate equation given in Equation (3) holds for the entire base region, which may be solved piecewise for the case of spatially varying absorption coefficient. The photon number at a particular section i in the base region can be expressed as follows: 
where x 0 is the boundary of the particular piecewise section of the base region. a VC,i , a VC,i , a VC,i is the absorption coefficient at section i, depending on the state filling of that section. Thus, the photon number can be written as
where W 1 and W 2 are the widths of the first and second sections, respectively. The net electron and hole generationrecombination rate can be calculated by integration [4, 10, 15, 17 ]
where h = 6.626 Â 10 À34 J s is Plank's constant, c = 3 Â 10 8 m/s is the speed of light, and dΩ = sinθdθdf is the solid angle, θ is zenith angle, f is azimuth angle, and sun is at positive z-axis direction. Substituting Equation (7) into Equation (8) and arranging terms, there will be three terms corresponding to the contribution of external generation, external recombination, and internal recombination, and the detailed balance together with photon recycling is accurately described. The details can be referred to [10, 11, 17] . The total electron or hole current density due to generation-recombination (dominant mechanism for ideal case) can be calculated by integrating over the total basewidth W J e; h ¼
The current density depends on the quasi-Fermi level separation m CI , m IV , and m CV . m CI and m IV can be solved by knowing m CI + m IV = m CV = V a and the requirement that electron and hole current density must be balanced in order to maintain charge neutrality and particle conservation in the entire base region. The current density is then solved for a given applied bias V a , where the efficiency is defined as
where J sc is the short-circuit current density, V oc is the opencircuit voltage, FF = J m V m /J sc V oc is the fill factor, J m and V m are the current density and voltage at the operating point where the power output from the solar cell is maximum, and P sun is the incident solar power density. In this study, the bandgap energy and intermediate band position are assigned values of E G = 1.95 eV and E I = 1.24 eV, respectively, based on the optimal values obtained from A. Luque's original detailed balance calculations [17, 20] . 
RESULTS
The current-voltage characteristics of the device structures are shown in Figure 4 . The J sc and V oc for the device with HF IB demonstrates a clear decrease with spectral overlap E ov , whereas the decrease in J sc and V oc is significantly reduced for the structure with separate LH IB occupation regions. For LH state filled devices, photons with energy E H < E < E G are absorbed in the first section of the device via the VB to IB transition, whereas photons with energy E L < E < E H are not absorbed because of the low density of available electrons in the IB available for absorption. This configuration ensures that photons are absorbed by the highest threshold process. Photo-excited electrons may then transport to the second section of the base region to be subsequently excited to the CB by solar photons with energy E L < E < E H . For the HF IB device B, all photons with energy E > E L can be absorbed by the IB to CB transition where excess electron energy of E À E L is lost by phonon emission. Without spectral overlap (E ov = 0), the intermediate band devices behave identically, where distinctions become pronounced with increasing spectral overlap.
The influence of the spatially varying absorption for E ov = 0 eV is illustrated in Figure 5 , where sub-bandgap absorption occurs selectively according to electron state occupation.
Increasing spectral overlap results in more pronounced differences in absorption, as shown in Figure 6 . One clear characteristic is observed in Figure 6 (a), where there is significant re-emission for the CB to IB transition. The re-emission is due to the spectral overlap, where high energy photons are absorbed by inappropriate low-threshold processes (E L < E < E H ), leading to significant thermalization. The thermalized high-energy photons then recombine through low threshold CB to IB transitions, assumed to be radiative in this analysis. The recombination rate in the context of detailed balance theory is proportional to exp (ÀE/kT) and thus the low-threshold CB to IB transition (E L < E < E H ) is the most efficient recombination process. 
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This is consistent with experimental observation where thermal generation recombination is more severe in small bandgap materials. Notice this does not mean that total number of photon increases with distance, because the photon number is plotted at single energy at 0.005 eV above a IC transition threshold to show the effect of strong recombination through a IC . For photon energy several kT away from a IC transition threshold, photon number still decreases with distance. In the case of the two-section structure (B) (Figure 3) , the re-emission is suppressed since LH IB occupation decouples the spectral overlap between a IC and a VI . The recombination through efficient a IC process can still exist, because there is still spectral overlap and parasitic absorption in the case of (z 1, z 2 ) = (0.1,0.9), but this effect is not very pronounced unless the energy very close to a IC transition threshold is plotted. The efficiency of structure (B) is therefore much closer to the ideal E ov = 0 condition even if spectral overlap is present.
The dependence of conversion efficiency on spectral overlap (E ov ) more clearly illustrates the impact of spatially varying IB population, as shown in Figure 7 . For no spectral overlap (E ov = 0 eV), conversion efficiency is the same for all IBSC device structures studied because solar photons are absorbed by the highest threshold process. Device structures with an HF IB show a rapid decrease with increasing E ov due to thermalization of photo-generated electrons or holes in the CB and VB for optical transitions excited that are not the highest possible energy transitions, similar to calculations reported in previously published work [17] . An anomaly in the figure is that the efficiency of both HF and SD devices increases with E ov for short basewidth due to more absorption resulting from spectral overlap. The efficiency for device structures with variable intermediate band occupation shows a significantly lower sensitivity to spectral overlap and higher efficiency compared with their HF counterparts.
The dependence of efficiency on the occupation level of the IB states is clearly an important factor, as shown in Figure 8 for LH state filling SD devices. In the analysis, IB occupation is assumed to be symmetric in the two regions such that z 2 = 1 À z 1 . It is clear that the contrast in occupation for the two regions (z 1, z 2 ) = (0.1,0.9) is sufficient to achieve high efficiency, where only small improvements are achieved beyond these values. High occupation in the first section of the base region (z 1 > 0.5) corresponds to high absorption of the low energy transition nearest the incident surface, resulting in a decrease in efficiency to below the value for the case of a half-occupied IB due to increased thermalization losses. This behavior is similar to the requirement for multi-junction cells where incidence at the large bandgap side is essential. The dependence of conversion efficiency on base width is shown in Figure 9 for the various device structures (Refer to Figure 3) . The full spectrally decoupled device (D) is essential to further increasing the efficiency toward the E ov = 0 efficiency limit to eliminate the spectral overlap still present between a IC (or a VI ) and a VC . In the structure (D), the three regions of the device completely separate/ decouple the three absorption bands to minimize thermalization losses. The highest efficiencies calculated in Figure 9 are 35.1% for structure (A), 45.0% for structure (B), 52.83% for structure (C), and 61.5% for structure (D) (refer to Figure 3 ). It should be noted that the efficiency is calculated to be 63.2% for the ideal IBSC [11] , 63.8% for the unconstrained triple-junction tandem cell [22] , and 63.2% for the series constrained triple-junction tandem cell [23] . The fully decoupled structure (D) provides a theoretical efficiency limit >60% that approaches the efficiency limit of both the ideal IBSC and triple-junction solar cell. The SD structure essentially provides a 'triple-band' structure analogous to a triple-junction solar cell, while maintaining a single-junction device.
PRACTICAL IMPLEMENTATION OF LOW-HIGH STATE FILLING
The absorber layer structure with non-uniform intermediate band occupation may be implemented in practice by variable doping levels. The electrostatic potential (c) is affected by several different charge contributions:
The Figure 11 , where only small variation in potential energy results in large variation in IB occupation as a result of the exponential dependence of occupation on potential according to Fermi-Dirac statistics. The energy band profile is very similar to IB devices with HF IB where flat band region exists in the base region, implying a minimal effect of variable IB occupation of these device structures on carrier transport in the base region. 
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